
Copy No. B 

_ m-= RM Nn ART7n 

RESEARCH MEMORANDUM 
AERODYNAMIC CHARACTERISTICS AT SUBSONIC AND SUPERSONIC 

. 

MACH NUMBERS OF A THIN TRIANGULAR WING OF ASPECT 

RATIO 2. II - h4AXIMUM THICKNESS AT MIDCHORD 

By Harold J. Walker and Robert E. Berggren 

Ames Aeronautical Laboratory 
Moffett Field, Galif. 

NATIONAL ADVISORY COMMITTEE 
FOd AERONAUTICS 

WASHINGTON 
December 3, 1948 



.O 

. 

. 

. 

NATIONAL ADVISCRY COMMITTEE FCR AEROEATJTICS 

RESEARCH - 

AERO-C CHARAC!I!ERISTICS AT SUBSCNIC AEDSTJRERSONIC MACH 

NTRBERS OFATHINTRIANGUURWINGOF ASPECTRATIO 2. 

-. 

II - MAxpluM THICEEESSATMIBCHORB 

By Harold J. Walker and Robert E. Berggren 

The lift, drag, and pitch-m& characteristica of a trim- 
gularwing, havinganaspectratio of 2 anda symmtricaldouble-4mdge 
profile of ~rcent-chord mximumthiclmess at midchord, have been 
evaluated from wind-tunnel tests at Mach nmbere from 0.50 to 0.975 
a.nd froml.09 to 1.49 and at Reynolds numbers ranging from 0.67 to 
0.85 mir~io~. 

The lift, drag, and pitching-mnmnt coefficient8 of the trian- 
gular wing with a leadiwdge sweepback of upproxima;tely 63O did not 
exhibit the irregular variations with Mach number at high subsonic 
and low supersonic Mach numbera that are characteristic of unswept 
wings. The lift-curve slope increased steadily with Mach number 
below unity and declined slowly beyond the Mach number of 1.13. A 
sub&antis1 rise in the minimum drag coefficient occurred between 
Mach numbers of 0,s and 1.20 with an associated reduction in the 
maximum lift-drag ratio. The aerodynamic center shifted rearmxd 
toward the centroid of area of the wing with increasing Mach number 
below 0.975; whereas above 1.09 it coincided with the centroid. 

To show the effect of a change in location of mmimmthicheamr, 
a comparison is made between the characteristics of the above wing 
with those of a wing of identical plan form having the maximum 
thiclmess located at 20 percent of the chord. Moving the point of 
mximm thiclmess from 20 to 50 percent of the chord gave riae to 
little or no measurable change in the lift, drag, and pit- 
moment characteristics at subsonic Mach numbers. However, at the 
lower supersonic Mach numbers, lower lift+urve slopes, larger 
minimum drag coefficients, and smaller maximm lift-drag ratio8 
were exhibited by the wing with maximum thickness ut the midchord 
location, although the differences in each case were small. 
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The wing of triangular plan form has been considered from both 
theoretical and applied standpointe aa a practical lifting surfwe 
for trausonic and supersonic aircraft. The aerodynamic characteristics 
of this wing can be predicted for moderately high subsonic and for 
supersonic Mach PuPibers by the methods of references 1, 2, and 33 
however, at present no reliable n&hods for calculating these chara- 
teristics in the Mach number range near uuity are available. Soms 
indication of the extent to which the experimental and calculated 
characteristics diverge near unity has been shown in reference 4, 
wherein the lift, drag, ad pitchmmmt characteristics of a 
low-aspec-kratio triangular wing with the max~hickness point 
at 20 percent of the chord were determined experinmntally. In-the 
present investigation these characteristics have been measured at 
high subsonic and low supersonic Mach numbers for a triangular wing 
differing from that of reference 4 only in the location of the 

,maximum-thicknes~ point which for these teats was at the ‘J&percent- 
chord point. It is predicted in reference 2 that an increase in 
pressure drag at the lower supersonic Mach nuxibers accompanies a 
remward shift of the xtaximun thickness from 20 to 50 percent of 
the chord, but possible effects on the other aerodynamic character- 
istice are not indiaated by the existing linear theories. 

SYMBOIS 

b span of wing, feet 

-- . 

l 

C local wing chord, feet 

z  mean aerodynamic chord , feet 

CD drag coefficient' 

Cw mininum drag coefficient 

ACD change in drag coefficient from value of minimum drag 
coefficient (CD - &) 

dragprise factor .- _.. 

CL lift coefficient lift 
( > 7 . 
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4 change in lift coefficient-from the value at minimum drag 
coefficient (CD - CD%-) 

&CL 
da 

lift-curve slope at zero lift coefficient, per degree 

Cm coefficient 
about centroid of area of 

q= 
A 
D 

lift-drag ratio 

0 
'L 
DDEtX 

maximum lift-drag ratio 

M 

¶ 

R 

S 

V 

Y 

a 

P 

free--stream Mach number 

free-stream ~JTX~&C pressure ($?), pounds per square foot 

free-stream Reynolds number referred to the mean aerodynamic 
chord 

wing area, square feet 

free-stream velocity, feet per second 

spsnwise distance from the wing root-chord line, feet 

angle of attack, degrees 

free--stream mass density, slugs per cubic foot 

APPARA!ruSANDTEsTs 

. The experimental investigation was carried out in the Ames l- by 
3-l/2-foot high-speed wind tunnel, a single-return closed-throat type 
vented to atmospheric air. The tunnel was equipped with a flexible- 
throat assembly (fig. 1) to permit a variation in Mach number above 
unity. 

The model (fig. 2) was constructed of steel according to the 
dimsnsions of figure 3. The radii of the leading and trailing edges 
of the wing were less than 0.002 inch,. and the wing surfaces were 
ground but not polished. 
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The wing was mounted in a horizontal plane in a slender body of s 
revolution (fig. 2) having the minimum size consistent with its func- 
tion as an adequate support. A series of identical-bodies (fig. 3), 
sting supported at .dlfferent angles of attack,..Fsas_eTnployed inter- 
changeably to vary the wing angle of attack. 

- . . 

l 

r 

A three-component electrical strain-gage balance was used to 
measure the lift, drag, and pitching moment of the model. Measure- I 
ments of the pressure acting on the base of the body were made 
simultaneously with the force measurements. l 

The aerodynamic characteristics of the model were determined at 
angles of attack between -3 o and 9' over a range‘of Mach numbers from 
0.50 to 1.49. Between Mach numbers of 0.975 and 1.09 cholred-iplow -" 
conditions prevailed in the tunnel teat section, precluding the deter- 
mination ofthe aerodynamic characteristics within this range. Reynolds 
numbers, based on the mean aerodynamic chord of the model, varied 
from approximately 0.67 x 10" at a Mach number of 0.50 to 0.83 x lo* 

\ 

at 1.49. 

REXUCTION OF DATA 

The wing area used in computing the force and moment coefficients 
includes the portion enclosed within the body. The pitching-moment 
coefficients are based upon the mean aerodynamic chord and were 
referred to the centroid of-area of the wing. F 

Allowance was made for several interference effects peculiar to 
the wind tunnel. The drag and an&-f*ttack measurements in the 
subsonic Mach number range have been corrected for tunnel-wall inter- 
ference by the method outlined in reference 5. These corrections, 
shown in reference 6 to be independent of Mach number, were 

fkt= 0.424 CL 

AC-D = 0.0075 CL= 

All of the drag data have been corrected for buoyant pressure 
gradients existing in the test section of the wind tunnel. This 
correction was less than 2 percent of the minimumadrag at all Mach 
numbers. No corrections to the measured characteristics have been 
attempted for the effects of air-stream inclination. The corrections 
for the effects of tunnel blockage were of negligible magnitude. 

Further correction of the drag data was required as a result of an 
interfering pressure field at the base of the support body arising from 
the proximity of the end of the balance housing to the body, On the 
basis of reference 7 the effect of this pressure field is believed to 
be confined to the base ofzhe body at all supersonic Mach numbers. 

t 

. 
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At subsonic Mach numbers it was concluded from theoretical consider- 
ations that aside from changes in the base pressure this interference 
did not extend sufficiently far beyond the base to influence the results. 
The effects of the interference at each Mach number were compensated 
by subtracting from the nusasured drag the force resulting from the 
difference between the free-stream static pressure and the test pressure 
exerted on the base area. Although this correction is not exact, since 
the true pressure differences at the base were not known, all drag 
forces are referred to a common basis for comparison. 

RFBULB AXODlXXJSSION 

The results of the tests are presented in figure 4 which shows, 
for each test Mach number, lift coefficient aa a function of angle 
of attack, and pitching+.uoment coefficient, drag coefficient, and 
lift-drag ratio 88 functions of lift coefficient. The variations 
with Mach number of these characteristics are shown in figures 5 to 
11, inclusive. Schlieren photographs of the flow field about the 
model and support, taken durm force measurements, are presented 
in figure 12. Defects of the opticai system are shown ti figure 
E(a). The defects appear In all the schlieren photographs and 

. should not be confused with the flow field. To show the effect on 
the aerodynamic characteristics of a change in the location of maxi- 

, mum thictiss of the wing, the results of reference 4 for the 20- 
percenkhord location of maxhum thichss are also included in 
several figures. The calculated characteristics shown were deter- 
mined by the methods given in references 1, 2, and 3, and pertain 
to the wing alone. Experimental results from reference 7 for an 
identical wing and body at a Mach number of 1.53 and a Reynolds num- 
ber of 1 x 10 , and similar results from unpublished data on file at 
the Ames Aeronautical Laboratory for a wing alone at a'Mach number 
of 0.13 and a Reynolds number of 15.4 x lo6 are also included. In 
comparing the latter results with those of the present investigation, 
consideration should be given to the large differences in Reynolds 
number and in the method of model support (three-strut support in 
the latter case). 

The interference occurring between the wing and the support body 
could not be readily evaluated; consequently, the force coefficients 
are presented for the wing and body in combination rather than for 
the wing alone. It is indicated in reference 7 for a Mach number of 
1.53 that the contribution of the body to the total lift and pitching 
moment is small, and on this basis it is believed that the results 
presented here for the cmbination may be considered sensibly repre- 
sentative of the wing at all Mach numbers. In view of the applied 
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base-drag correction described previously, however, the drag coeffi- 
cients are not strictly representative of either the ccmibination or 
the wing alone. 

Lift Characteristics 

With reference to figure 4, it is observed that the curve of 
the lift coefficient against angle of attack is not linear, the 
slope being greater at the higher angles of attack. Although this 
condition is not predicted by the first-order theories of references 
1 and 2, it is generally characteristic of wings of very low aspect 
ratio. 

In figure 5, the steady increase of lift-cwve slope at zero 
angle of attack with Mach number below 0.975 is seen to be in accord 
with the trends of the calculated values for subsonic Mach numbers 
(reference 1) for a lifting vortex line. At supersonic Mach numbers 
the gradual decrease of the lift-Curve slope above a Mach number of 
1.12 conforms with the trend of the calculated slopes for 8 flat lift- 
ing plate (reference 2). It is evident that at supersonic Mach rum- 
bers, slightly lower values of lift-curve slope resultfrom a change 
in the position of maximum thickness frm 20 to 50 percent of the 
chord; whereas at subsonic Mach numbera the respective magnitudes are 
nearly equal'. This difference in the values of lift-curve slope at 
supersonic Mach numbers is not accounted for by the theory of refer- 
ence 2, which ignores the effect of profile shape, and thus can prob- 
ably be attributed to a second-order effect of thickness distribution. 
The results fram reference 5,and the unpublisheddata for a Reynolds 
number of 15.4 X 18, also plotted in the figures, are in fair agree- 
ment with the results of the present investigation. 

J~I figure 6,it is to be noted that the sharp irregularities and 
sudden lossee in lift that are characteristic of unswept wings of 
higher aspect ratio at transonic Mach numbers are absent for the wing 
investigated. With regard to the region between Mach mmibers 0.975 
and 1.09 in figures 5 and 6, it is expected, on the basis of wing- 
flow tests of similar configurations in this range, that curves of 
subsonic and supersonic characteristics could be faired smoothly. 

Drag Characteristics 

The drag characteristics of the wing under investigation can best 
be discussed by treating separately the respective variations of drag 
coefficient with lift c-oefficient and Mach number. 

-  

L  
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. 
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The effect of lift coefficient on the-&zag ooefficient is shown 
by the polar8 of figure 4, where for superstmio Mach numbers, the 
calculated values are also plotted for comparison with the experi- 
mental results. m the calculations the drag resulting fram skin 
friction of the wing alone'waa determined through the application of 
the results of reference 8. Because al&m&As to detersnine the aotual 
distribution of laminar end turb$Lentboundary-layer flow on the model 
wing by means of the liquid-film technique discussed in reference 7 
were unsuccessful, the calculations were made for ccxr@etely lsminar 
and for ccrr@etely turbulent flow, those being the respective minimum 
and maximum values of skin-friction drag for the wing. The remaining 
portion of the drag was caloulated by the methods of reference 2 under 
the assumption that there was no leading-edge suction. The principal 
conclusion to be drawn from inspection of the polar6 in figure 4 is 
the fact that, with the exception of the curves for Mach numbers 1.09 
and 1.12, the experimental polar6 are generally in fair agreement with 
those frcm theory. When notation is made of-the discrepancies between 
the test results and the theoretical characteristics at these two Mach 
numbers, it is evident that in the region of high lift coefficients 
the drag ooefficients are lower than wouldbe elcpected fram oxamina- 
tion of the drag polars -for the other Mach numbers. Possible explana- 
tions for the discrepancies are offered in the discussion of the vari- 
ation of drag coefficient with Mach rnmiber to follow. 

The results of the investigation pertaining to drag coefficient 
as a function of Mach nsa6ber are s uummrized in figure 7. Inspection 
of this figure reveals two noteworthy features in the ourvf36 for the 
higher lift coefficients: (1) Zhe slop es of the curves are negative 
for subsonic and positive for supersonic Mach numbers (due to the 
variation of the drag due to lift, as will be shown later), and (2) 
the values of drag coefficient in the region of Mach nuuibers frcm 1.09 
to approximately 1.17 appear unexpectedly low in relation to the rest 
of the Curve. Although a great deal of effort was expended to ascer- 
tain the cause of these low drag coefficients, no adequate eqlana- 
tion ~88 found. It was concluded, however, that for the following 
reasas these low values are probably a result of wind-tunnel-inter- 
ference effects rather than genuine values which could be eqeoted in 
free air: 

1. The tunnel air stream at low supersonic &%ch n&ers is 
hewn to contain extraneous and random shock waves, e-lea of which 
are indicatedby arrows in figures 12(d) and (e). 

2. The reflections fram the tunnel walls of the shock waves 
originating at the nose of the model body, and at the juncture of the 
leading edge of the wing with the body, impinged on the model at Mach 
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numbers from 1.09 to 1.17. The effect of these reflected w&yes on 
the drag data could not be readily aaseseed, but it is believed to 
have cauaed a reduction In the drag forces. 

3. Ae is evident in the schlieren photographs of figure 3.2, 
at the lowest eupersotic test Mach number, a fkrong nom1 ehoclr' 
wave stood immediately aft of the wing trailing edge and its effect 
could have been communicated to the wing through the wing wake as a 
buoyant force in a direction tending to reduce the drag. 

To further the analysis of the teet results and to facilitate 
comprieon of those result8 with the characteristic6 predicted by 
theoretical methods, the drag of the model ha6 been separated Into 
two parts, the drag due to lift and the minimum drag of the model. 
The parameterueed to indicate the amount of drag due tolift,valid 
because the experimental polars are parabolic, is the drag-rise factor, 
which ie defined as followe: 

The drag-rise factor ie preBented in figure 8, where,a comparison is 
made with the reciprocal of the experimental lif%curve elope for the 
wing under investigation. 

It can be shown algebraicaUy that the drag-rise factor of a flat 
plate realizing no leading-edge suction! and inclined to the air stream 
at small angles of attack Is equal to the reciprocal of the lift-curve 
elope. The general agreement between the values thus calculated and 
the obeerved value6 indicate6 that the drag characteristics of this ' 
wing cloBely resemble those of the corresponding flat plate and that 
very little leading-edge sucUon is obtained. W ith reference again to 
figure 7, it is concluded that the respective negative and poeitive 
elopes at eubrjotic and supersonic Mach numbers of the curve6 of drag 
coefficient afl a function of Mach number at the higher lift ccreffi- 
cients are due to the variation in the drag-rice factor with Mach 
number. 

The effect of.Mach number upon the minimMl drag coefficient, 
shown in figure 9, iti negligible in the subsonic range, a reeult 
which ie supported by the calculated variation with Xach nmiber of 
the drag coefficient aseociated with skin friction, The actual 
'Discuseed in Aerodynamic Theory, vol. IV, pp. 27&g, Durand, and in 

reference 5. . 

. 

t 
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distribution of l&miz=d turbulent flow In the boundary layer not 
being known for the teet model, curve&i repreeenting the maximum~and 
mininnm~ skin friction are shown in the figure. Between Mach numbers 

1 ! noted. 

I 
I 

of 0.s and 1.2 a'continuoue rise in the mInimum,drag of the wing is a 
The experdmentairesults for virtually the entire range of 

eupersonic Mach numbers fall wfthin the respective limits of the 
i! 
.. 

- drag coefficient which have been calculated as the sum of the pres- j 
!, sure drag and the skin-friction drag for the laminar and the turbo ' 

lent boundary-layer flow, The diecontinuities In these calculated 
limits at a Mach number of 1.41correepond to a coincidence of the 
tih cone emanating fra the apex of the ridge line of the wing and 
the ridge line itself. The test points were not spaced closely 
enough to determIne experimentally the existence of aucha 
discontinuity, 

The minimum drag coefficients observed between Mach numbers of 
1.09 and 1.3 are lower for the wing having the maximum thiC&IeSB at 
20 percent of the chord than those for the wing of the present inves- 
tigation, these relative magnitudes being in accord with the predic- 
tions of reference 2 with regard to the effect of maximum-thickness 
location. The reversal in the relative Illagnitudes of the drag coeffi- 
cients for the two wings above 1.3 Mach number can probably be attri- 
buted to changes in the drag resulting from skin friction, since the 
theoretical pressure drags for the two wings do not very sufficiently 
within the experimental range of supersonic &oh numbers to account 
for the observed differences. With increasing Mach number above 1.41, 
it is possible that increasingly greater surface areas become exposed 
%o falling pressure gradients for the wing with maximum thickness at 
midchord, such that greater areas of laminar boundary-layer flow and 
therefore lesser skin friction result for -this wing. Evidence support- 
ing this collusion is to be found in reference 7 for a Mach number 
of 1.53. 

If consideration again be given to the differencea in the Reynolds 
nunibere of the respective teBtB, the minimum drag coefficient5 taken 
from reference 7 and from unpublished data on file at the Ame5 Aero- 
nautical Laboratory fcrr a Reynolds number of 15.4 X lo8 are in satis- 
factory agreement with the reeults of the preeent investigation sham: 
in figure 9. 

Figure 10 aurrrmar izee the reeld’te Of the iI3PeBtigatiOn pe?T’kiIIiIIg 

to nraxi7Hum lift-drag ratdo. Values of the max3mum lift4rag ratio 
obtained frcun other sources (noted on the figure) are in fair agree- 
ment if differences in the rnsthod of support are taken into account. 
The apparently high lift4ra.g ratios at the lower supersonic Mach 
numbers can most probably be atizibuted to the unexpectedly low drag 

. 
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values observed in the region of Mach numbers from 1.09 to approxi- 
mately 1.2. 

The values of maximum liftrdrag ratio at supersonic Mach numhers 
for the wing with maximum thickness at 20 percent of the chord ars 
somewhat greater than those for the wing of the present investigation 
by virtue of the more favorable drag characteristics of the former 
(cf. fig. 7). 

. 

Pitchin@ioment Characteristics 

The curves of pitching-mament coefficient as a function of lift 
coefficient In figure 4 were used to detelplins the location at zero 
lift coefficient of the aerodynamic center in percent of the mean 
aerodyna&c chord. The varfation with Mach annber of the position of 
the aeroaynamic center is shown in figure 11. It is noted fram this 
figure that the aerodynamic center shifts rearward from 42 percent 
of the mean aerodynamic chord toward the centroid of area of the wing 
(lccatid at 50 percent of the mean aerodynamic chord) as the Mach ne 
ber of unity is approached, and that above 1.09 it coincides with the 
centroid. It is predicted in reference 2 that the centroid and the 
aerodynamic center of a flat triangular plate will cqincfde at supex- 
sonic Mach numbers. The fact that the location of maximum thictiess 
of the wing does not significantly affect the pitchi- nt charac- 
teristics at supersonic Mach nmnbera is also indicated in figure Xi.. 
At subsonic Mach numbers a more rearward position of the aerodynamic 
center is indicated when the maximum-thickneser location is changed 
frcm 20 to 50 percent of the chord, 

The results of wind-tunnel tests of a thin triangular wa of 
aspect ratio 2 and symmetrical double-wedge profile with maximum 
thickness atmidchord in the Mach number ranges from 0.50 to 0.975 
and 1.09 to l,@,and comparison of these results with those for a 
similar wing with maximum thiclmeas at 20 percent of the chord indi- 
cated the,following: . 

1. The lift coefficient at a constant angle of attack for 
either maximum-thickness location varied continuously and regularly 
with Mach number below 0.975 and above 1.09. 

2. The lWt-cume slope Increased with Mach number below 0.97 
and decreased at Mach numbers greater than 1.13. A decrease In the 
lift+urve elope at supersonic Mach numbers accompanied a change in 

. 



the location of maximum thickness frcm 20 to 50 percent of the chord. 

3. The drag coefficient at a constant lift coefficient decreased 
continuously with increasing Mach number below 0.9 and increased con- 
tinuously above 1.09 at lift coefficients greater than 0.1. Somewhat 
higher drag coefficients for the most part resulted for the profile 
with maxdmum thictiss at 50 rather than 20 percent of the chord. 

coefficient 

at midchord decreased, becoming less than that of the wing with maxi- 
mrmL thiclmess at 20 percent of the chord at Mach numbers greater than 
1.3. 

5. The maximumlift-drag ratios remained virtually constant in 
both the sribsanic and supersonic Mach number ranges, and were approxi- 
mately 25 percent lower at supersonic Mach numbers. The max3mum lift- 
drag ratios were slightly lower at supersonic Mach numbers for the 
wing with the maximum thic&ess located at 50 rather than 20 percent 
of the chord. 

6. The aerodynamic center of.the wing with maximum thictiss 
at 50 percent of the chord in the subeonic Mach number range moved 
aft from 42 to 51 percent of the mean aerodyne&c chord. Throughout 
the supersonic range it coincided with the centroid of area of the 
wing. Similar changes In position of the aerodynamic center were 
observed for the wing with the maximum thicbse at 20 percent of 
the chord. 
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f&e 4.- The oerodynomic characterlsflcs of the trianplar wing and sLgqoorfing body of Mach 
numhrs ranging from 050 to 1.49. 
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figure 4. - Continued. 
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(j) M=L20, I?= .85x10! 
figure 4. - Continued. 
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f inure 4. - Continued. 
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fipre 8.- The variation of the drag -rise factor w/M Mach number. 

,c 
l.1 
3 

f 
I I , ‘1 



Figure 9.- The variation of minimum drag coefficient with Mach number. 
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Figure IO. - The variation of maxfnwm lift-drag ratio with Mach number. 
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Figure Il. - The vurlation of aerodytmmk center with Mach number. V 
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(a) Air streamoff. (b) M = 0.95, side view. 

(0) M = Log, side view. (d) M = 1.09, pIan view. 

Bigure l2.- Typical scblieren photographs of the side and plan views of the 
model at several Mach numbers. 
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(e) M - 1.12, side view. (f) I4 - 1.12, plan view. 

(8) M = 1.29, side view. : (h) M = 1.29, plan v&.1z839 

$igure l2.- Continued. 
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(i) M P 1.49, side view. (J) M = 1.49, plan view. 

. 
Figure l2.- Ccmcluded. 
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